In this work, we analyze the effect of CF4/O2 plasma treatment on the contact interface between the amorphous Indium-Gallium-Zinc-Oxide (a-IGZO) semiconductor and Titanium-Gold electrodes. First, the influence of CF4/O2 plasma treatment is evaluated using transmission line structures and compared to pure O2 and CF4 plasma, resulting in a reduction of the contact resistance RC by a factor of 24.2 compared to untreated interfaces. Subsequently, the CF4/O2 plasma treatment is integrated in the a-IGZO thin-film transistor (TFT) fabrication process flow. We achieve a reduction of the gate bias dependent RC by a factor up to 13.4, which results in an increased current drive capability. Combined with an associated channel length reduction, the effective linear field-effect mobility µ lin,FE,eff is increased by up to 74.6% for the CF4/O2 plasma treated TFTs compared to untreated reference devices.
Introduction
Flexible thin-film transistors (TFTs) attract remarkable attention in applications such as flexible displays [1] , electronic papers [2] or sensors [3] . To integrate these flexible devices into wireless technology, the TFT is required to operate in the megahertz regime to process and transmit signals [4] . Possible channel materials are e.g., 2D semiconductors [5] , carbon nanotubes [6] or amorphous oxide semiconductors (AOS). The latter ones show excellent properties, such as high uniformity, large area processability, long-term stability and the possibility for room temperature fabrication [7] . In the field of applicable AOS, amorphous InGaZnO (a-IGZO) exhibits exceptional electronic characteristics, such as an electron mobility greater than 10 cm 2 /Vs, low off current and already became commercially viable [7, 8, 9] .
The speed of a TFT can be quantified by the transit frequency ft [10] . Although this parameter is linearly dependent on the field-effect mobility and quadratically dependent on the transistor channel length, downscaling of the TFT dimensions will not necessarily result in an increase of ft. Short channel effects, the parasitic overlap capacitance COV and a dominating contact resistance RC limit the device performance [4] . Several efforts have been undertaken to reduce COV, e.g., by self-alignment techniques [10] or stripe-patterned electrodes [11] .
In this work, we focus on improving the RC between semiconductor (a-IGZO) and Ti/Au source/drain electrodes. It is known from gate bias dependent RC measurements that the RC in TFTs depends on the number of charge carriers in the a-IGZO film [12] . Several groups have shown, that various plasma treatments (i.e. NH3 [17] , Ar [18, 19, 20, 21, 22, 23] , N2 [20] , NF3 [24] , He [18, 25] , O2 [20] , N2O [26] , H2 [22] and recently F [27] ) can change the electrical characteristics and e.g., form heavily doped n + a-IGZO. So far, there is no report on the effects of CF4/O2 plasma and, to the best of our knowledge, we apply for the first time a CF4 based plasma treatment on the contact areas of a-IGZO TFTs to investigate the contact resistance. Therefore, we studied in a first approach the effect of this treatment (applied on the contact interface) on the contact resistance RC between semiconductor and a-IGZO by using the transmission line method (TLM) [14] and compare it to pure CF4 and O2 plasma treatments. Afterwards, the CF4/O2 plasma treatment is applied to flexible a-IGZO based TFTs. The results show that the gate bias dependent RC is significantly lowered throughout the whole operation regime. Furthermore, we observe a channel length reduction which leads, in combination with the lowered RC, to an increase of the extracted effective linear field-effect mobility µ lin,FE,eff . Our proposed plasma treatment can be directly implemented into the fabrication process of flexible a-IGZO TFT technology, thus paving the way for high frequency operation and increased drive currents of a-IGZO TFTs and even short channel devices, while still utilizing standard UV lithography methods.
Experimental

Fabrication
The TLM structures and TFTs are fabricated on free-standing 50 µm thick flexible plastic foils (Kapton E, DuPont). The substrates are cleaned in Acetone and 2-Propanol for 5 minutes each with the help of ultrasonic treatment. Subsequently a bakeout at 200
• C for 24 hours is performed to remove residual solvents. The substrate is passivated with 50 nm SiNx by plasma-enhanced chemical vapor deposition on both sides to promote the adhesion of the following layers.
TLM structure fabrication
15 nm a-IGZO is RF magnetron sputtered at room temperature. Then, MaN-1420 photoresist is spin-coated and structured by photolithography to prepare the lift-off process for the electrodes. At this point the plasma treatment is performed and subsequently, the Ti/Au (10/60 nm) electrode layer is electron-beam (e-beam) evaporated on the sample. After structuring the electrodes by lift-off, the a-IGZO is patterned into islands by photolithography and wet chemical etching.
TFT fabrication
30 nm Cr is e-beam evaporated onto the substrate and structured by lithography and wet chemical etching. A 20 nm thick Al2O3 gate insulator layer is grown by thermal atomic-layer deposition at 150
• C. Then, 15 nm a-IGZO is deposited as described in the previous section. The a-IGZO is structured into islands and vias are formed in the gate insulator, both by photolithography and wet chemical etching. Then, similar to the TLM structures, MaN-1420 photoresist is spin-coated and structured by photolithography followed by the plasma treatment. The Ti/Au (10/60 nm) electrode layer is deposited by e-beam evaporation. Therefore, the plasma treated a-IGZO area is self-aligned with the deposited Ti/Au electrodes.
A schematic cross section and a microscopic image of both devices (including a magnified area to highlight the plasma treated areas), and the fabrication process flow, are presented in Figure 1a and 1b.
Plasma treatment
The duration of all plasma treatments is 1 min, the pressure 133 µbar and the RF power 150 W. The gas compositions are shown in Table 1 . Negative photoresist is used as mask because of its typically higher mechanical and chemical stability compared to positive photoresist.
Results and discussion
TLM results
The TLM structure electrodes have a width W = 300 µm and length L = 100 µm (see Figure 1a) . The spacing d between the contact pads is varied from 20 to 120 µm. By measuring the resistance Rtot between two neighboring electrodes in relation to d, 2·RC can be extrapolated at the intersection with the y-axis. Table 1 compares the extracted mean 2·RC and Pure O2 plasma treatment results in an increased RC, while pure CF4 plasma treatment shows a reduced RC compared to the untreated reference sample. However, it is known that pure CF4 plasma can lead to polymerization effects on the surface [13] , thus resulting in a non-ideal interface. Therefore, a small ratio of O2 is added to counteract this phenomena while not canceling the positive effect of CF4 on the RC. With the combined CF4/O2 plasma, we obtain an improved RC by a factor of 24.2 compared to the reference. Fluorine can substitute O lattice sites and occupy O vacancies at the a-IGZO surface, thus generating free electrons and reducing the number of electron traps [24, 27] . We believe that the formation of a thin layer of highly doped a-IGZO (with increased number of charge carriers) leads to field emission (charge carrier tunnel through the potential barrier) [15] , which results in the decreased RC. The change in a-IGZO conductivity is confirmed after applying CF4 plasma on the area between the electrodes and observing a conductivity increase by a factor of 10 4 , which is in agreement on studies about F doped a-IGZO [27] . Previous reports presented the incorporation of F into a-IGZO with a post-annealing at 450
• C, leading to the formation of highly conductive a-IGZO [16] . In our case, the plasma delivers the necessary energy to activate this transition, which allows this treatment to be integrated into the TFT fabrication routine on flexible polyimide. Consequently, the plasma treatment is applied on a-IGZO based TFTs to investigate the VGS dependent RC.
TFT results
TFTs with untreated and CF4/O2 plasma treated source/drain-IGZO contact areas are fabricated and the transfer (drain current ID vs. gate- source voltage VGS) and output (ID vs. drain-source voltage VDS) characteristics are measured. All devices have a channel width W = 50 µm and a source/drain to gate overlap length of 15 µm. The electrical parameters are extracted using the Y-function method [28] , which uses the combination of the ID-and transconductance transfer curves. Figure 2 presents two exemplary ID-VGS and ID-VDS curves for 10 µm long untreated and CF4/O2 treated TFTs. Both TFTs show a saturating behavior. The output curves indicate an increased ID for the CF4/O2 treated TFT, while the VTh is negatively shifted (see transfer curves; mean VTh shift of −0.52 V). Nevertheless, when comparing the ID values at the same overdrive voltage VOV=VGS-VTh, the CF4/O2 treated TFT still shows an improved current drive capability (factor of 1.24 at VOV = 3 V). Both devices show similar gate currents and the ON/OFF ratio is above 10 8 for all TFTs. To further analyze the RC, the ID-VGS curves are used to extract the VOV-dependent RC. As shown in Figure 3a , we observe a significantly lowered RC for CF4/O2 treated contacts (by a factor of 13.4 ± 2.2 in the whole VOV regime), as well as the typical trend of RC with varying VOV [12] . To give an impression about the accuracy of the extracted RC values, the respective adjusted R 2 values are plotted in Figure 3b . Therefore, the increased TFT ID can be attributed to the decreased RC. Figure 4 presents the µ lin,FE,eff and the transconductance gm at VOV = 3 V for untreated and CF4/O2 treated TFTs at in relation to their channel length L. For L ≥ 5 µm, the µ lin,FE,eff is increased by 16.7 % to 23.6 %. For L < 5 µm, the µ lin,FE,eff increases significantly by 74.6 %. We attribute this enormous increase to a reduction of the effective channel length by ∆L. The negative photoresist, which is used as a mask for the plasma treatment and the liftoff process forms an undercut structure during development. Therefore, the plasma may also change the conductivity of a small portion of the transistor channel. The ∆L is extracted as 0.7 µm, according to the method described in [29] . This effect has a significant influence on short-channel TFTs, while it becomes less significant for longer channel lengths. This effect can be utilized for the fabrication of flexible short channel TFTs with standard UV lithography, where the minimum feature size will not limit the minimum channel length any more. 
Conclusion
In summary, we presented a method to reduce the contact resistance between a-IGZO and Ti/Au, that is suitable for integration into standard flexible TFT fabrication. By CF4/O2 plasma treatment of the a-IGZO layer interfacing with the Ti/Au electrodes, a highly conductive a-IGZO area is formed (i.e., an area with increased charge carrier density). From TLM measurements, we observed a reduction of RC by a factor of 24.2. The implementation of the plasma treatment into the TFT fabrication flow resulted in a reduction of the VOV dependent RC by a factor of 13.4 ± 2.2 over the whole VOV regime and an associated increase in gm and µ lin,FE,eff . We believe that the proposed technique can be applied in combination with other source/drain metalizations to effectively reduce the RC. Additionally, the observed channel length reduction can be utilized to fabricate short-channel TFTs with standard UV lithography methods, while counteracting shortchannel problems, such as a dominant RC in comparison to the channel resistance. Nevertheless, to fully analyze the effect of our proposed plasma treatment, the impact of different plasma parameters, such as RF Power and duration need to be further exploited.
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